I. INTRODUCTION
Electrostatic force microscopy (EFM) 1, 2 and Kelvinprobe force microscopy (KFM) 3, 4 are scanning probe techniques based on atomic force microscopy (AFM) that are capable of mapping local surface charge distributions and local surface potentials, respectively, with a high spatial resolution. These methods utilize the detection of the electrostatic forces induced by an alternating voltage applied between the tip and sample surface, and they have been commonly used either in a vacuum environment, under ambient conditions or under non-polar liquid conditions. 5 Recently, there has been a strong demand for local surface charge and potential measurements in polar liquids, especially in aqueous solutions containing electrolytes, to investigate "in vivo" biological processes, [6] [7] [8] graphene-based electrochemical capacitors, 9, 10 ion-adsorption onto different phases of inorganic minerals, 11, 12 the redox reaction dynamics of molecules, 13, 14 and interfacial chemistry. 15 However, since the surface charges are screened by the surrounding counter ions in aqueous solutions, forming an electric double layer (EDL), the electrostatic interaction between the tip and surface is not as simple as that in a vacuum or air. Until now, several researchers have reported the measurements of the EDL force, which is caused by the overlap between the EDLs of two surfaces, as a function of the surface separation to study the local surface charge distribution. [16] [17] [18] [19] [20] Within the past few years, many researchers have investigated the electrostatic force acting on the AFM cantilever with a tip when an ac voltage is applied between the cantilever tip and sample in liquid media. 9, [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] Among these studies, Fukuma et al. proposed a method to estimate the local surface potential in aqueous solutions by the measurements of the first and second harmonic components (1x m and 2x m ). 29 Although this method can be directly applied under ambient conditions, for the aqueous solutions, the specific phenomena related to the EDLs should be considered, such as the parasitic cantilever oscillation and the significant reduction of the electrostatic force caused by the EDLs. Very recently, Collins et al. proposed another method to measure the first and second harmonic components based on the time-domain analysis of the cantilever responses instead of the frequency domain. 40 Up to now, however, there has been no systematic study regarding this topic. We recently published a paper on the possibility of local dielectric property measurements in liquid media and found that the EDL significantly deteriorates the spatial resolution in the local capacitive force measurement. 38 Here, we discuss the possibility of the local surface charge and potential distribution measurements in liquid media using the voltage modulation techniques in detail to present some criteria for achieving the nano-scale surface charge and potential measurements. We report the measurement and analysis of the electrostatic force on the cantilever with a tip induced by an ac voltage application in various liquid media. We measured the dependence of the electrostatic and capacitive forces on the modulation frequency, externally applied dc voltage, and tip-sample distance. The experimental results are compared with the theoretical models, and the feasibility of measuring the charge distribution or potential at solid/liquid interfaces by the voltage modulation techniques in aqueous solutions is discussed.
The paper is organized as follows. After a brief description of the experimental conditions in Sec. II, we first demonstrate the surface potential measurement in a non-polar liquid medium using KFM in Sec. III. The feasibility of the surface potential measurement in water by the voltage modulation techniques is then discussed in Sec. IV. We calculate the magnitude of the electrostatic force induced by the modulation voltage in aqueous solutions as a function of the modulation frequency and tip-sample distance based on the Poisson-Boltzmann equation in Sec. V. Moreover, we discuss the criteria for the local surface potential measurement in aqueous solutions by comparing the experimental result using a gold-coated colloidal probe and the theoretical model in Sec. VI. Finally, the conclusions are stated in Sec. VII.
II. MATERIAL AND METHODS

A. Instruments
We used a customized AFM instrument (Shimadzu: SPM-9600) with a home-built digital controller programmed using LabVIEW (National Instruments). We used a rectangular cantilever with platinum-iridium coatings on both sides (Nanosensors: PPP-NCSTPt), whose spring constant (k z ) was 5.3 N/m, calibrated using Sader's method in air. 41 For the measurement of the dependence of the electrostatic force on the externally applied dc voltage in water, we used a rectangular cantilever with gold coatings on both sides (Nanosensors: PPP-NCHAu), whose nominal spring constant was 42 N/m, to avoid the variation in the tip-sample distance due to the static deflection caused by the surface stress change. The dimensions of the cantilever were taken from the nominal values. The width (w) and length (l) of the cantilever were 30 and 125 lm, respectively, and the tip height (h) was 11 lm. For the experiment described in Sec. VI, we used a colloidal probe (CP) cantilever (sQube: CP-NCHSiO-C) with gold coatings on both sides, whose nominal spring constant was 42 N/m. The radius of curvature of the tip (R tip ) was 3.31 lm. The nominal values of the dimensions of the CP cantilever are the same as that of PPP-NCHAu. The sensitivity of the deflection sensor was calibrated by the measurement of the thermal noise spectrum before each experiment. A polycrystalline platinum plate was used as a sample except for the experiment in Sec. VI, in which a freshly cleaved graphite was used. A lock-in amplifier with a signal source (AMETEK: 7280) was used to apply an ac voltage and to detect the amplitude and phase of the first or second harmonic components in the cantilever deflection signal.
B. Liquid media
We performed the experiments in various liquid media such as in air, a fluorocarbon liquid (3M: Fluorinert FC-70) as a non-polar liquid medium, and ultrapure water (Millipore) as an aqueous solution. Reagents were used as supplied by the manufacturers without further purification. The physical properties of the liquid media are shown in Ref. 38 .
III. KELVIN-PROBE FORCE MICROSCOPY IN NON-POLAR LIQUID MEDIUM
The electrostatic force acting on the tip and sample in EFM or KFM (F esf ) is generally described as
where C ts is a capacitance between the tip and sample, V is a bias voltage, and z is the tip-sample distance. When a modulation voltage of an amplitude V ac at the angular frequency x m with a dc offset voltage V dc , given by V mod ¼ V dc þ V ac cos x m t, is applied between the tip and sample, the electrostatic force becomes
where V SP is the surface potential difference between the tip and sample. The third and fourth terms are the 1x m and 2x m components, respectively. The electrostatic force of the 2x m component is often referred to as the capacitive force. In KFM, V SP can be measured by controlling V dc to null the 1x m component. We first conducted the KFM measurements on a pn-patterned silicon sample 42 in air and a non-polar liquid medium, a fluorocarbon liquid. In these experiments, the tip-sample distance was regulated by the intermittent-contact mode, and the modulation frequency, f m (¼x m /2p) was set at 2 kHz. Figures 1(a) and 1(b) show topographic images of the pnpatterned silicon sample in air and fluorocarbon liquid, respectively. Higher square areas with a side of 5 lm are pand n-type regions, while the lower background area is the highly doped-n-type (n þ -type) region. Figures 1(c) and 1(d) show surface potential images, which were simultaneously obtained with the topographic images in air and fluorocarbon liquid, respectively. The surface potentials of the p-and ntype regions were found to be higher than the n þ -type region independent of the measurement environments. The result demonstrates that the local potential measurements can be performed in air and non-polar liquid media without any problems, as also reported in Ref. 5 .
IV. ELECTROSTATIC FORCE MEASUREMENTS IN AQUEOUS SOLUTION
Here, we discuss the feasibility of the local surface potential measurement in water by the voltage modulation techniques. We start with the choice of the right modulation frequency range. Figure 2 (a) shows a plot of the amplitude of the 1x m component in the cantilever deflection signal measured in air as a function of f m when V dc and V ac were set at 6 V and 2.8 V peak-to-peak, respectively. The distance between the cantilever and sample was about 10 lm. The solid curve is an experimental result and the broken curve is a theoretical fit to the experimental curve. The first harmonic complex amplitude of the cantilever induced by the electrostatic force (A 1x m esf ) was calculated as
where G cl and F 1x m esf are the transfer function of the cantilever as a damped oscillator model and the first harmonic electrostatic force, respectively. f 1 is the first flexural resonance frequency and Q is the quality factor of the cantilever (at f 1 in this case). On the other hand, Fig. 2(b) shows a plot of the amplitude of the 1x m component in the cantilever deflection signal as a function of f m in water, when V dc and V ac were set at 0 V and 2.8 V peak-to-peak, respectively. The distance between the tip apex and sample was about 10 lm. As we previously reported in Ref. 28 , the cantilever deflection was induced by the surface stress, 43 
where F ss0 and f ss_c are fitting parameters, i.e., a complex effective surface stress force (jF ss0 je Àih ss0 ) at a low-frequency limit and a cutoff frequency, respectively. 28 The two broken curves in Fig. 2(b) are the fitted curves for the surface stress contribution (green) and the electrostatic force contribution (blue). F esf , F ss0 , h ss0 , and f ss_c determined by the fitting were 0.31 nN peak-to-peak, 140 nN peak-to-peak, À85
, and 180 Hz, respectively, and a was almost 1. The surface potential of the cantilever (w 0 ) estimated from the value of F ss0 was about 0.57 V (see Appendix A). Since the deflection induced by the surface stress variation does not contain any information on the local charge or potential of the sample surface, we focused on the electrostatic force contribution hereafter. As the tip-sample distance in this experiment was much larger than the Debye length, the electrostatic force observed in the high frequency range was not caused by the overlap of the EDLs of the tip and sample, and it did not also contain any information on the local charge distribution or surface potential. For the local surface charge or potential measurement, the electrostatic force should exhibit a dependence on the tip-sample distance when the tip-sample distance is reduced to the same order of magnitude as the Debye length.
In order to know whether or not the KFM feedback can be used, we investigated the dependence of the amplitude of the harmonic components in the deflection signal on V dc and the tip-sample distance. We fixed f m at the second resonance frequency of the cantilever (f 2 ¼ 933 kHz), which is in the frequency range where the electrostatic force contribution becomes dominant. Figures 3(a) and 3(b) show plots of the amplitude of the 1x m and 2x m components as a function of V dc , obtained when the tip-sample distance was kept at about 5 nm, respectively. The measurements were conducted in air and pure water. In air, the amplitude of the 1x m component became zero when the condition V dc ¼ ÀV SP is met (see Eq. (2)), and the plot showed a symmetric V-shape as expected. However, as shown in Fig. 3 (a), in pure water, the amplitude of the 1x m component did not show the V-shape, and the forward and backward traces were different, indicating a poor reproducibility of the surface conditions. On the other hand, plots of the amplitude of the 2x m component in Fig. 3 (b) showed almost no dependence on V dc , both in air and in water with a good reproducibility, as expected from Eq. (2). Figures 3(c) and 3(d) show plots of the amplitudes of the 1x m and 2x m components as a function of the tipsample distance, respectively. The origin of the tip-sample distance was determined at the position at which the amplitudes of both components began to drop because of the tip contact. In air, as the tip-sample distance was decreased, the magnitude of both components became larger because of the increase in the tip-sample capacitance. However, in water, the 2x m component showed almost no increase, and the 1x m component even decreased with the decrease in the tip-sample distance. In Sec. V, we theoretically model the electrostatic force acting between a cantilever and a tip in aqueous solutions to discuss the origin of these discrepancies.
V. THEORETICAL MODELS OF ELECTROSTATIC FORCE IN AQUEOUS SOLUTION
In this section, we discuss the theoretical models of the electrostatic force in water in order to explain the experimental results. As shown in Eq. (2), the 1x m component of the electrostatic force is proportional to a product of the magnitude of the ac modulation voltage and the difference in the electrostatic potential difference. First, we discuss the equivalent circuit of aqueous solution between the cantilever and sample surface to derive the criteria for the modulation frequency at which the ac modulation voltage is effectively applied between the tip and sample surface. Second, we calculate the electrostatic potential profile between the tip and sample surface to estimate the electrostatic force acting on the tip in aqueous solutions.
A. Criteria for modulation frequency
The electrode/electrolyte interface is often described by the Gouy-Chapman-Stern (GCS) model, in which the EDL is composed of two layers; i.e., the Stern layer and the diffuse layer. 44 Although the charge dynamics at the interface is complicated and difficult to be represented as a simple equivalent circuit, the Randles circuit 45 has been widely accepted in the field of electrochemistry 44 and impedance spectroscopy. 46 This equivalent circuit is valid only when the EDLs of the surfaces do not overlap with each other. Figure 4 (a) shows a general Randles circuit, referred to as (A) hereafter, in which the EDL capacitance C EDL , comprised of a series of the Stern layer capacitance C S and the diffuse layer capacitance C D , is connected in parallel with a series of the charge transfer resistance R CT and the Warburg impedance Z W . The impedance of the bulk liquid is expressed by a parallel circuit of the bulk solution resistance R B and capacitance C B .
The Poisson-Boltzmann (P-B) equation for a two parallel flat plate system in a 1-1 symmetric electrolyte is given by
where w represents the electrostatic potential. When an ac voltage is applied to the electrode/electrolyte interface, charge, and discharge of the diffuse layer occur with an ionic current flow in the bulk solution. Solving Eq. (5) gives C D as
where j D , e 0 , e r , e, V ac_d , k B , and T are the inverse of the Debye length (k D ), the dielectric constant of a vacuum, relative dielectric constant, the elementary charge, ac voltage drop in C D , and the Boltzmann constant and temperature, respectively. 44 j D is given by
The cantilever deflection caused by the surface stress variation is prominent when most of the voltage is applied to C D , while the contribution of the electrostatic force becomes dominant when most of the voltage is applied to C B . 47, 48 A threshold frequency (f c_d ) is defined as the frequency at which the impedance of C D becomes smaller than the bulk impedance (R B and C B ), i.e., f c_d ¼ 1/[2pR B (C D /2)]. When f m is higher than f c_d , the applied voltage becomes effectively applied to C B and R B . In this case, a simplified Randles circuit (B) can be used as shown in Fig. 4(b) . As R B is described as
where d and q B are the distance between the sample and each part of the cantilever and the resistivity of the electrolyte, respectively, f c_d is given by
Note that C S and R B are functions of V ac_d and d, which are not unique, but different for individual lines of electric flux between the tip and sample, therefore f c_d is also different for each part of the cantilever. When the tip apex is outside the EDL of the sample surface, only the cantilever part should be taken into account. The cantilever deflection caused by the surface stress variation is prominent when most of the voltage is applied to C D , while the contribution of the electrostatic force becomes dominant when most of the voltage is applied to C B . 47, 48 Therefore, f c_d is equivalent to f ss_c . The nearer the cantilever is located to the sample surface, the higher f ss_c .
When f m is even higher than another threshold frequency (f c ), the impedance of C B becomes smaller than R B . In this case, a further simplified equivalent circuit (C) can be used, as shown in Fig. 4(c) . f c is the characteristic relaxation frequency of the ionic current flow, which is dependent only on the physical property of a solvent, given by
where n 1 is the number density of ions in the bulk solution.
In the case of pure water with dissolved CO 2 gas, f c is around 10 kHz. Note that f c_d is expressed using f c as
When the tip is brought closer to the sample surface than twice the length of k D (z < 2k D ), the EDLs begin to overlap with each other. In this case, f c_d for the tip part is expressed as
Since C D which is dependent on V ac_d , V ac_d can be calculated by solving the following equation: 
where dC D and dC S are the diffuse layer capacitance and the Stern layer capacitance per unit area on the tip, respectively. In the case when V ac_d is more than hundreds of mV, f c_d in the 1-1 symmetric electrolyte solution becomes much lower than f c with a concentration of less than 0.1 mM, while f c_d is almost the same as f c with a concentration of more than 10 mM. Figure 4 (d) summarizes the equivalent circuits depending on part of the cantilever. The cantilever and tip parts far from the sample surface (z > 2k D ) are characterized by the equivalent circuit (A) for the low frequency range,
B. Theoretical electric potential profiles and electrostatic forces
Next, we discuss the electric potential profiles between the tip and sample surface. First, we calculated the electric field induced by the externally applied ac voltage (V ac ). Based on the equivalent circuit (A), V ac applied to C D (V ac_d ) is used to solve the P-B equation, while the V ac drop in C B is used to solve the Laplace equation. Figure 5(a) shows the ac potential profiles between the electrodes with a large distance calculated with the constant potential boundary conditions 49 as a function of f m . The curves depict the potential profiles when the maximum positive voltage was applied to the left electrode assuming the tip (T) relative to the right electrode assuming the sample (S). The gradient of the profiles in this figure are symmetric, however the potential profiles across the tip and sample might be asymmetric due to their geometries. As f m increases, V ac_d decreases and eventually the gradient of the potential (electric field) becomes uniform. Figure 5(b) shows the ac potential profiles between the electrodes with a short distance calculated as a function of f m . As discussed above, in this situation the EDLs overlap with each other, therefore we used the Laplace equation to calculate the potential profiles. The electric field in C B increases with increasing f m , as shown in the figure. Figure 5 (c) shows a comparison of the potential profiles for large and short distances with f m higher than f c . As the distance decreases, C B increases, while the potential drop in C S also increases. Note that V ac mainly drops in C S , and partially applied to C B , especially in strong electrolytes whose C B and R B are quite low. As discussed later, this phenomenon deteriorates the spatial resolution of the electrostatic force as well as the capacitive force measurements. 38 Note that these potential profiles were calculated based on the equivalent circuits discussed above. The calculation of the potential profiles for the low frequency range (f m < f c_d ) requires a numerical treatment of the Poisson-Nernst-Planck equation. 50 Second, we calculated the electric field induced by an externally applied dc voltage (V dc ). There are two characteristic potentials in aqueous solutions, the absolute electrode potential (w 0 ), and the surface potential at the diffuse layer (w d ). While the potential is always referenced to the potential of the bulk solution, the former refers to the potential of the inner part of C S , and the latter refers to the potential of the outer part of C S or the inner part of C D . Despite the fact that the theory for the analysis of the dc potential is more established than that for the ac potential, it is difficult to calculate the dc potential profiles including the Stern layers. This is because there is no technique that directly measures electrostatic potentials at arbitrary positions in the electrode/electrolyte interface, especially in the Stern layer. Figure 5(d) shows the calculated dc potential profiles at a large distance.
In the GCS model, the potential gradient should be almost zero at the mid-point between the electrodes with a large separation. However, as we experimentally observed the electrostatic force even when the cantilever was far from the sample surface, we added a slope to the potential profile considering a leakage current in the EDL. Note that the magnitude of the dc electric field is not to scale in the figure; the electric field in the Stern layer is actually much larger than that in the diffuse layer in many cases. As the two surfaces come close to each other, w d of both surfaces vary because of the charge regulation as shown in Fig. 5(e) . The boundary conditions for both the ac and dc potential profiles are near the constant potential in the case of metal surfaces, however an unpredicted charge regulation might occur by the electrochemical reaction and desorption/adsorption of ions even in the case of metal surfaces. 51, 52 While the surface stress is induced by V dc and V ac applied to C EDL , the electrostatic force is induced by V dc and V ac drops in C B . Therefore, the electrostatic force per unit area (T esf ) can be expressed using the dc electric field E dc (x) and ac electric field E ac (x, x m ) at the mid-point
Furthermore, the dielectric saturation should be taken into account for calculating the electrostatic force, since a high ac electric field applied between the tip and sample causes the significant decrease in the orientation of solvent molecules (discussed later). Figure 5 (f) shows dc potential profiles as a function of V dc . When the diffuse potential of the tip and sample become exactly the same (Dw d ¼ 0), the electrostatic force is nulled. Finally, we discuss the origin of the electrostatic force observed in the high frequency range of the spectrum shown in Fig. 2(b) . Since the spectrum was obtained when the distance between the tip and the sample is much larger than k D , this electrostatic force cannot be caused by the overlap between the EDLs. If we divide the electrostatic force acting on a cantilever with a tip into three parts, F 
where E dc is the dc electric field, / n is the eigenfunction of the nth eigenmode, r 0 ¼ zþh 2 cot h cl 2 , and h cl is the tilt angle of the cantilever. / n is given by
where k n l is the nth eigenvalue. By fitting Eq. (3) using Eq. (15) to the experimental curve in the high frequency range in Fig. 2 (b) (blue dotted line), E dc was estimated to be 2.5 Â 10 3 V/m and Dw d (¼E dc Á(z þ h)) was estimated to be 0.05 V. This long-range electrostatic force cannot be explained by the P-B equation. Even if assuming that the surface potential difference is 1 V, Dw d estimated by solving the P-B equation is on the order of only 10 À21 V. E dc is also estimated to be as small as 10 À16 V/m, which is much less than the value calculated from the experiment. In pure water or such high impedance solvents, of which R B is higher than the impedance of R CT and Z W , the electric field is directly applied to R B and C B between the cantilever part and sample, therefore the unexpected voltage drop in the bulk solution can cause a significant electrostatic force on the cantilever part. In order to measure the local F esf and Dw d , we need to reduce this long-range parasitic force acting on the cantilever.
VI. CRITERIA FOR NANO-SCALE LOCAL SURFACE POTENTIAL MEASUREMENT
In Sec. V, we showed that reducing the long-range parasitic force acting on the cantilever is essential for local surface potential measurement. In this section, we show the experimental results on the local electrostatic force measurements using a colloidal probe cantilever expecting the reduction of the long-range parasitic force. Then we empirically derive the criteria for the geometry of the cantilever and tip with which the nano-scale local surface charge or potential measurement can be achieved.
A. Comparison between normal cantilever and colloidal probe
In order to increase the electrostatic force acting on the tip apex, we used a gold coated CP cantilever, whose details were explained in Sec. II. Figure 6 (a) shows the schematics of the electric field distribution between a cantilever with a normal sharp tip and the sample in air. The electric field exists between the entire cantilever and sample. Figure 6(b) shows the electric field distribution between the normal cantilever and sample in water. Since the electric field is screened by the EDLs, there is no electric field between the cantilever and sample. Figure 6(c) shows the electric field distribution between a CP cantilever and sample in water. Since the effective interaction area of the CP is much larger than that of the normal cantilever, it is expected that we can detect a much stronger signal by using the CP cantilever than the normal cantilever.
We used the second resonance mode of the cantilever, which was around 855 kHz, in order to excite the cantilever at a high frequency. Figure 7(a) shows plot of the amplitude of the 1x m component as a function of V dc , obtained when the tip-sample distance was kept at about 10 nm, and V dc and V ac were set at 0 V and 2.8 V peak-to-peak, respectively. This experiment was conducted in pure water. The result shows that the hysteresis caused by the surface stress effect is negligible, but that there is no minimum point in this measurement range. This fact means that the KFM bias voltage feedback cannot be used for the surface potential measurement. As explained in Fig. 5(e) , V dc is mainly applied to C S , and partially applied to C B . The charge induced in C S causes the surface stress change, but only C S on the cantilever excites the cantilever oscillation, while C S on the probe of the sphere does not excite the oscillation. Therefore, only the electric field in C B causes the effective force on the probe of the sphere. The amplitude in Fig. 7(a) decreases with an increase in V dc , thereby the force minimum might be observed in the range of much higher than 1 V. However, such a high V dc should not be used because any further increase in V dc causes the electrolysis and/or undesired electrochemical reactions. Depending on the combination of the materials of the tip and sample and the electrolyte solution, the force minimum might be observed in the measurement range, but it is difficult to estimate the surface potential difference, since most of V dc drops in C S especially in strong electrolytes. This result suggests that the open-loop method with a consideration of the voltage division might be an effective strategy for the surface potential measurement in aqueous solutions. Next, we discuss the tip-sample distance dependence of the electrostatic force in order to discuss the possibility of the local surface potential measurement.
Figures 7(b) and 7(c) show plots of the amplitudes of the 1x m and 2x m components as a function of the tip-sample distance, respectively. In both results, as the tip-sample distance was decreased, the magnitude of both components increased due to the increase in C B . The purple broken line shows the offset caused by the electrostatic force acting on the cantilever, which has almost no dependence on the tipsample distance. Comparing the 1x m and 2x m components, the increase in the 2x m component was almost double the offset at the closest distance, while 1x m component showed a steep increase. This is because V dc is screened by C S on both the cantilever and sample surfaces. This result suggests that the measurement of the 1x m component produces a spatial resolution higher than that for the 2x m component because of the EDL screening effect. Note that the electrostatic force of the 1x m component acting on the cantilever cannot be explained by the GCS theory, and this originates from the voltage division between R CT and R B as already mentioned.
The blue and green broken curves shown in Figs and with the voltage division by C S , respectively. It is difficult to accurately estimate the sensitivity of the optical deflection sensor for a higher order resonance-mode of the cantilever. Therefore, we used the amplitude of the 2x m component as the reference value, whose signal is not dependent on V dc . However, there is significant disagreement between the experimental and theoretical curves without the voltage division, especially in the 2x m component. The voltage division between C B and C S as well as that between C B and the adsorbates and/or contaminants on the surfaces of the tip and sample significantly reduces the electrostatic force because the dielectric constant of the bulk-solution is much higher than most of the solid species. Furthermore, the reduction of the dielectric constant in the EDL by the electric field formed by the surface charge should be considered. This phenomenon is known as the dielectric saturation phenomenon. [55] [56] [57] [58] [59] The electrostatic force at the tip-sample distance of less than 30 nm is affected by the dielectric saturation due to the high ac electric field. Based on the Brownian motion noise measurement, k z and Q of the second resonance of the CP cantilever were determined to be 1350 N/m and 12, respectively. The best fitted values of the local surface potential difference on the tip apex Dw d_local , the parasitic surface potential difference on the entire cantilever Dw d_para , 60 k D , and dC S were 0.25 V, 0.035 V, 30 nm, and 0.011 F/m 2 , respectively. k D estimated from the experiment was smaller than 200 nm, which is theoretically predicted from the electrolytic concentration of pure water with dissolved CO 2 gas. This inconsistency can be attributed to the fact that the solution is contaminated by some impurities. dC S was also smaller than 0.2-0.3 F/m 2 , which is typically measured by the mercury electrode without the roughness factor. This inconsistency can also be attributed to the voltage division at the surface adsorbates or contaminants.
B. Criteria for geometry of cantilever and tip
The experimental results presented above suggest that the quantitative surface potential measurement can be made by the open-loop method. Finally, we discuss the criteria for the geometry of the cantilever and tip required for the local surface potential measurements. The amplitude of the 1x m component acting on the tip (Signal) is proportional to R tip and Dw d_local , therefore the Signal is given by
The amplitude of the 1x m component acting on the tip (Background) is proportional to l, w, the inverse of h, and Dw d_para , therefore the Background is given by
and the Signal to Background (S/B) ratio is given by
where a is a complicated function of voltage division and dielectric saturation, but can be assumed to be a constant when the parameters other than the geometry of the cantilever and tip are fixed. In Fig. 7(b) , the amplitude of the 1x m component acting on the cantilever is 0.008 nm, which is on the same order as that of the result of Fig. 3 (c) in water because both cantilevers have the same nominal spring constant. On the other hand, the amplitude of the 1x m component acting on the cantilever is 0.5 nm, and the S/B ratio is estimated to about 50. Substituting the parameters of the CP cantilever (h ¼ 2R tip ) and the value of the S/B ratio (¼50) into Eq. (19) gives a as 1200. This equation means that reducing the dimensions of the cantilever and increasing the tip height enable us to suppress the parasitic oscillation caused by the long-range electrostatic force. Reducing the dimensions of the cantilever is more preferred than enlarging the tip height, because this also leads to a cantilever with a high resonance frequency and a low spring constant which enables the force detection with a high signal-to-noise ratio. Concurrently, R tip should be as small as possible in order to keep the high spatial resolution. Figure 8 shows the relationship between R tip and calculated S/B values of the commercially available cantilevers. This calculation was conducted under the condition that R tip of the metal-coated nanoscopic tip is 30 nm, and Dw d_local , Dw d_para , are the same as that obtained in the CP measurement. The S/B ratio of the PPP-NCH cantilever is estimated to be only 0.75. This means that the surface area of the cantilever should be minimized to 1/67 for obtaining the same S/B ratio as that of the CP cantilever. An ultrashort cantilever (Nanoworld: USC), which was developed for high-speed AFM applications, is also compared with the other cantilevers. Although this cantilever is much smaller than PPP-NCH, its tip height is much smaller than those of the other normal cantilevers, thereby the S/B ration does not increase much. It is necessary to develop a small cantilever with a high aspect ratio tip for the nano-scale local potential measurements. Note that even if such a dedicated force sensor is available, the Stern layer capacitance exists on all of the material surfaces. Furthermore, the dielectric constants of typical dielectric samples, such as biomolecules, organic molecules, and colloidal spheres, are significantly lower than that of water. In such a case, the modulation voltage strongly attenuates in the sample, therefore great care should be taken to estimate the local surface potential on these samples.
VII. CONCLUSIONS
We measured the electrostatic and capacitive forces induced on a conductive cantilever with a tip when an alternating voltage is applied between the cantilever and a sample surface in various liquids including an aqueous solution. We found that it is possible to measure the local surface potential distribution by the KFM technique in air and non-polar medium, but it is not possible to perform the same measurement using the conventional schemes in aqueous solution. In aqueous solution, the cantilever deflection is predominantly caused by the surface stress especially when the modulation frequency is low and that the electrostatic force contribution to the cantilever deflection becomes dominant in a high frequency range which is typically higher than tens of kHz. However, we could not obtain the steep increase in the electrostatic force acting on the tip apex near the sample surface and also could not obtain reproducible result regarding the dependence of the electrostatic force on the dc bias voltage. From the simple theoretical predictions, as the tip-sample distance is decreased, the bulk solution capacitance is increased, and the electrostatic force should be observed even in the aqueous solution. We conducted the experiment using a CP cantilever and obtained good agreement with the theoretical calculation considering the voltage division and the dielectric saturation. This result suggests that the effective interaction area of the normal cantilever is much smaller than the area of the entire cantilever, and the long-range parasitic electrostatic force as well as the surface stress effect is dominant. For the local surface potential measurement, a cantilever with small surface area and/or the high tip height is required. Reducing the dimensions of the cantilever also enables to maintaining a sufficient signal intensity even at a high frequency range. Even if the local information on the surface potential can be detected, the KFM bias feedback cannot be used because the voltage drop in the Stern Surface charge density r EDL accumulated in C EDL is given by integration of capacitance per unit area by w, and expressed as
where dC EDL is C EDL per unit area, which is a serial capacitance of C D per unit area dC D and C S per unit area dC S , and expressed as
where g S and g D are roughness factor of the Stern layer and the diffuse layer, which varies depending on k D , respectively. These roughness factors are 1 for the liquid mercury electrode, but the polycrystalline electrode, which is used for the cantilever metal coating, is around 3 depending on the surface morphology. 62 Surface energy c ss is given by double integration of dC EDL , expressed as 44 c ss ¼ 
where e is surface area change normalized by surface area.
In the case of the cantilever, since the second term is much less than the first term, it can be ignored. Although c ss actually acts not only on the cantilever but also on the tip part, the effect on the tip is negligible because the thickness of the tip is much larger than that of the cantilever. Therefore, only c ss acting on the cantilever should be considered. When the cantilever is located near the sample surface, most of the ac voltage is applied on the front side of the cantilever so that only the front side of cantilever should be considered (Dr ¼ Àr front ). By regarding the surface stress as a concentrated load acting on the end of the cantilever, the force induced by surface stress F ss is expressed as 64
where t is thickness of a cantilever, is the Poisson's ratio of the cantilever material, and Dr is the surface stress difference of the back-side and front-side of the cantilever. This equation means that the amplitude and phase of 1x m component of the surface stress depend on the surface potential of cantilever, while the amplitude of 2x m component depends only on V ac , and the phase of 2x m component is always inphase. It is clear from Eq. (1) that the phase of 1x m component of the electrostatic force depends on the surface potential of the cantilever, while the phase of 2x m component is always out-of-phase because dC/dz is always negative.
APPENDIX B: FREQUENCY RESPONSE OF ELECTRIC DOUBLE LAYER FORCE FOR PLANAR SURFACES
The metallic surfaces have the charge boundary condition near the constant potential, especially in weak electrolyte solutions such as pure water. 52 For considering the voltage division effect, an analytical solution expressing the relationship of d, w, and E is required. However, the analytical solution of P-B equation is obtainable only in the case w is less than 0.025 V and the distance between the surfaces is larger than k D . 65 In reality, higher voltage is usually applied in many cases. For solving this problem, we made an approximate equation, which covers the all magnitude of voltage, by modifying the linear superposition approximation (LSA). 66 The dc electric field at the mid-point between the surfaces is expressed as
where c i is given by
The first and second terms in the curly bracket of Eq. (B1) are the electric field when the EDLs of surfaces are not overlapped and are overlapped, respectively. When the distance between surfaces is smaller than k D , the first term becomes dominant. When the distance between surfaces is larger than k D , the second term becomes dominant. Figure 9 shows the comparison between the exact solution of the nonlinear P-B equation obtained by numerically calculating the fourthorder Runge-Kutta method and the calculated result obtained by the above equation. This shows that less than 25% error at all the distance at arbitrary voltages and the arbitrary k D . The ac electric field at the mid-point between the surfaces is expressed as
where n is the voltage division factor, which is expressed as
where bulk solution capacitance per unit area is obtained by
Furthermore, the dielectric saturation should be taken into account for the precise analysis of the electrostatic force in polar-liquids, since high ac electric field applied between the tip and sample causes the significant decrease in the orientation degree of the solvent molecules. The Booth equation is generally used for the dielectric saturation of pure water, 55, 67 and is expressed as Fig. 7 (c), we summed the electrostatic force of sphere F sphere and F cl as
where F sphere is obtained by integrating E over the surface by the equation expressed as 68 
